Introduction
The Straight-Wire® appliance was the first orthodontic mechanism to be based upon sliding mechanics. The advantages of this system in controlling the positions and angulations of teeth throughout treatment are such that different variants of the technique are now the most popular appliances in use. The translation technique provides good rotational control, although associated friction may delay tooth movement and increase anchorage requirements (Frank and Nikolai, 1980; Drescher et al., 1989) . Consequently, it is essential to have an understanding of the frictional forces between brackets and wires in order to produce effective tooth movement within the range of optimal biological response (Ogata et al., 1996) .
The physical laws of friction were derived from straight-line sliding of materials in the dry state. Orthodontic tooth movement combines the laws of friction and physiology. The dynamic environment of the mouth repeatedly breaks and resets the friction lock between the bracket and archwire to produce tooth movement as a series of short steps rather than as smooth continuous motion. In an attempt to reproduce this type of movement in the laboratory, some authors have mounted brackets to allow freedom of movement against the archwire (Kapila et al., 1990; Bednar et al., 1991) , although the relevance of such studies to the clinical situation is uncertain (Tselepis et al., 1994) . Usually experiments concerning orthodontic friction have used a rigid apparatus, designed either to slide a bracket along a fixed wire or to draw a wire through a static bracket slot.
There are two main types of friction. Static friction is the smallest force needed to start the motion of solid surfaces that were previously at rest, whereas kinetic friction is the force that resists the sliding motion of one solid object over another (Omana et al., 1992a) . The classical description of friction depicts the maximal value of static frictional force as the product of the coefficient of static friction and the resultant normal force at right angles to the archwire.
Light continuous forces move teeth most efficiently and with the least amount of patient discomfort and tissue damage (Rygh, 1986) . However, root surface area, bone density and occlusal interferences each influence the effect of force on a tooth, while friction between the bracket and archwire adds yet another variable (Peterson et al., 1982; Quinn and Yoshikawa, 1985) .
It has been estimated that 50 per cent of applied orthodontic force is dissipated due to friction, so that the total force applied to orthodontic brackets has to be twice that needed to produce an effective force in the absence of friction (Proffit and Fields, 1993) . However, excessive force is counter-productive due to increased bracket friction and the potential loss of posterior anchorage (Omana et al., 1992b) .
Factors which might affect friction in a pre-adjusted appliance include the wire size and archwire stiffness, which in turn depends not only on cross-sectional size and Young's modulus, but also on inter-bracket distances (Frank and Nikolai, 1980; Vaughan et al., 1995) . Stainless steel (SS) wire has been found to be smoother than nickel titanium (Kusy et al., 1998) .
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have shown that wire friction decreases as bracket width increases (Proffit and Fields, 1993) ; although some have reported increased friction with wide brackets (Kapila et al., 1990) . New bracket designs, in particular selfligating types, have been produced in an attempt to reduce friction (Kapur et al., 1998) .
Of all the contributory factors, bracket slot to wire angulation has been said to be the main determinant of frictional resistance to tooth movement (Frank and Nikolai, 1980) .
The aim of the present study was, therefore, to measure the effects of different angles of tip and torque on the static and kinetic friction produced when a SS and a cobalt chromium bracket, respectively, were translated along 0.019 × 0.025 and 0.021 × 0.025 inch SS archwires.
Materials and method
Cast SS brackets (Advant-edge, TP Orthodontics, Morley, Leeds, UK) were tested along with cast cobalt chromium brackets (Nu-edge LN brackets, TP Orthodontics). The two brackets were selected from the range available to be of similar size. This was confirmed with the aid of a calibrated optical microscope accurate to 4 µm. The slot of the Advant-edge bracket measured 560 × 763 µm × 3.4 mm and the Nu-edge dimensions were 559 × 711 µm × 3.6 mm.
The archwires used were 0.019 × 0.025 and 0.021 × 0.025 inch SS wires (Resilient Rectangular Wire, 3M Unitek, Monrovia, California, USA). The dimensions of the wires were checked using a micrometer and found to be accurate to three decimal places. Translation of upper left canine brackets relative to an archwire was achieved using a specially made friction testing apparatus (Figures 1 and 2 ) bolted to the lower crosshead of an Instron 5544 tension testing machine (Instron UK, High Wycombe, Bucks, UK).
A bracket under test was cemented into a recess in the end of a brass rod, inserted through an aluminium block which was screwed to a SS slide (no. 238-3486, RS Components, Corby, Northants, UK). This virtually friction-free slide was pulled horizontally by a nylon line passed under a pulley and attached to the upper jaw of the Instron machine. The archwire was slipped into rigid SS end tubes of minimally larger internal diameter and spot welded in place to leave a 14 mm length of unsupported wire, which is commensurate with the unsupported span in the mouth following loss of one premolar. The end tubes passed through the centres of brass rods, which formed part of the apparatus and could be locked by means of grub screws to maintain alignment.
A bracket was positioned correctly on the rod by first ligating it to a full-size 0.021 × 0.025 inch SS wire which acted as a jig on the apparatus. The brass mounting rod was then advanced towards the bracket, which was cemented into its recessed end using light-cured Transbond adhesive (3M Unitek). Use of a full-size archwire in association with the composite layer effectively removed the prescription from the bracket. The mounting wire was then replaced by a test wire that had been cleaned in alcohol, and the bracket was attached to it using an elastic module (plastic ligature, American Orthodontics, Sheboygan, Wisconsin, USA). The archwire was then tensioned to 50 g by means of the coil spring at one end (Figure 1 ). During tensioning, twisting of the archwire was prevented by means of grub screws, which locked the brass rods and end tubes. The screws were maintained vertically throughout to produce a bracket and archwire mounted in a passive state. In order to confirm that this was so, a preliminary friction test was carried out by moving the unligated bracket along the archwire. Little measurable friction was recorded.
One Advant-edge and one Nu-edge bracket were used for all tests to avoid the introduction of inconsistencies caused by variations in mounting positions had a number of different brackets been used. Careful examination of the brackets after testing, using a stereoscopic microscope at ×40 magnification, revealed no gross signs of wear or deformation that might have affected the results.
It was possible to adjust the relationship of the bracket to the archwire in two planes. Tip was set by means of the tip adjusting arm on the bracket mounting rod, which acted on a calibrated inclined plane (Figure 2) . Torque was adjusted using a similarly calibrated adjusting arm, which altered the angulation of the G-clamp carrying the archwire. Tip and torque were introduced separately and were never tested in combination. Each bracket/archwire/tip or torque combination was tested 10 times, a new ligature being fitted before each set of 10 tests.
Static and kinetic friction forces were measured throughout 8 mm translations of the bracket along the archwire at a crosshead speed of 20 mm/minute. Tip was varied from 1 to 3 degrees and torque was introduced in 2 degree increments from 2 to 6 degrees. These values were chosen to produce a balanced data set after preliminary tests had shown total friction lock at tip values greater than 3 degrees with the 0.021 × 0.025 inch wire. There were 480 individual tests. Specimens were dry tested at ambient room temperature (24°C). Static friction (the peak force required to initiate movement) and kinetic friction (the mean force required to maintain movement) were recorded digitally. Kinetic force was measured from the trace after 4 mm of translation, i.e. halfway across the total movement.
Statistics
Preliminary investigations suggested that the overall mean friction forces would be around 2 N with a standard deviation of 0.17N. A relevant between-group difference of 100g produces a standardised difference of 0.6 and suggests a sample size of 160 to give 90 per cent power at the 0.01 significance level (Altman, 1991) . The results were analysed using the general linear model (GLM) ANOVA program in Minitab 13 (Minitab Inc., State College, Pennsylvania, USA) with force as the dependent variable and bracket, friction type, wire size, tip and torque as factors in the model. Post-hoc Tukey tests were used where these were relevant. One-way ANOVA was used to produce group means.
Results
Raw data for the two brackets are shown in Table 1 . GLM analysis revealed significant effects for each of the main variables in the full equation (Table 2) .
Separate analyses of the effect of each factor using one-way ANOVA are shown in were very similar at 2.2 and 2.1 N, respectively, P = 0.71. The overall mean values for the friction associated with the stainless steel (2.1 N) and chromium cobalt brackets (2.2 N) were also almost identical. The mean value for combined static and kinetic friction readings with the 0.021 × 0.025 inch wire was 3.0 N, almost three times that for the 0.019 × 0.025 inch wire, P = 0.001.
As mentioned earlier, 3 degrees of tip was the maximum that could be tested in association with a 0.021 × 0.025 inch archwire. In order to provide a balanced data set for the purposes of analysis, it was necessary to have three levels of torque. Torque was therefore introduced in 2 degree increments to permit testing at 2, 4 and 6 degrees. Combined friction rose from 1.3 N at 2 degrees to 2.5 N at 6 degrees, a significant increase, P = 0.001.
Post-hoc Tukey comparisons for tip and torque showed that the subsets were all homogeneous, confirming the validity of the ANOVA result.
Discussion
This paper describes the preliminary friction results obtained using a jig designed and constructed to study frictional forces at the archwire/bracket interface. On the whole the mechanism worked well, although it was rather cumbersome to adjust the tip and torque values using the inclined planes.
Preliminary tests showed that the friction values were remarkably constant over a set of 10 tests and that it was not necessary to change the elastic module between each individual test. This is supported by the low standard deviations in Table 1 . The range of tip and torque was limited by the fact that 3 degrees of tip was the maximum that could be introduced in association with a 0.021 × 0.025 inch archwire without producing so much binding that the bracket was immovable.
The friction traces varied in character. Sometimes there was an initial peak as static friction was overcome, after which the trace fell back somewhat. On other occasions the trace rose after the initial movement, indicating that kinetic friction was higher than static friction. The overall effect of such variable traces was that the mean values for static and kinetic friction were similar (P = 0.71); they were, therefore, combined for the analysis of the effects of bracket type, wire size, tip and torque.
The fact that two brackets of similar size but different alloys produced almost identical friction when moved along SS archwires supports Kusy and Whitley (1990) .
Wire size had a highly significant effect upon friction in that the 0.021 × 0.025 inch wire produced three times as much friction as the 0.019 × 0.025 inch wire. The effect was particularly noticeable at 3 degrees of tip, when 8.27 N was recorded for movement of the Nu-edge bracket along the 0.021 × 0.025 inch wire. Molar tubes were not included in the study, but it is clear that attempts to close residual space in the buccal segment by mesial movement of a premolar and the adjacent molar could generate very substantial frictional forces if tip was not first removed from the brackets. A 0.019 × 0.025 inch wire appears to offer a more appropriate combination of lower friction and acceptable tip control during space closure.
Although there was no overall frictional difference between the two brackets, it is clear that the Nu-edge bracket produced more friction than the Advant-edge when used on a 0.021 × 0.025 inch arch at tips of 2 and 3 degrees. This suggests that either the shape or the metallurgy of the chrome cobalt bracket made it more susceptible to binding.
The mean frictional forces with 0.021 × 0.025 inch wire were almost three times those with 0.019 × 0.025 inch wire (Table 3 ). This suggests that the largest wire should be used for a final tooth alignment arch, but only when space closure has been completed. The apparently anomalous mean friction values at zero tip and torque are due to the inclusion of the high torque results in the zero tip tests and vice versa.
The main conclusion from this study is that modest amounts of bracket tip produce rapidly increasing friction, probably due to the effects of binding between the bracket and the archwire. An increase in bracket tip from 1 to 3 degrees almost quadrupled friction (Table 3) ; further testing was not possible with 0.021 × 0.025 inch wire at greater than 3 degrees of tip due to complete friction lock. This supports the view of Frank and Nikolai (1980) , that bracket slot to wire angulation is the most important determinant of friction in orthodontics.
Torque had a less dramatic effect on frictional forces. From the results for both wires in Table 3 it can be seen that 6 degrees of torque produced a mean frictional force of only 2.5 N against the 4.0 N mean with 3 degrees of tip. This is not surprising as there would be 10 degrees of slop in the torque plane when using a 0.019 × 0.025 inch wire in a 0.022 inch bracket slot and approximately 4 degrees of slop in association with the 0.021 × 0.025 inch wire.
The present study tested the influence of tip and torque separately. A second apparatus is under construction that will permit the simultaneous introduction of differing amounts of tip and torque.
Conclusions
1. Movement of brackets along a 0.021 × 0.025 inch SS wire produced almost three times as much friction as movement along a 0.019 × 0.025 inch wire, the overall means being 3.0 and 1.2 N, respectively. 2. Friction doubled with every degree of bracket tip. 3. Twisting the wire in the torque plane generally produced proportionately less friction than tip. 4. Friction was similar overall for SS and chromium cobalt brackets of similar dimensions. 5. Space closure should be completed on a 0.019 × 0.025 inch archwire before a 0.021 × 0.025 inch wire is used to complete tooth alignment by utilizing the full prescription of the brackets.
